This paper describes a non contact measurement technique for the transverse vibration of small cables and strings, using an analog position sensing detector. The sensor is used to monitor the cable vibrations of a small scale mock-up of a cable structure and to evaluate the performance ofan active tendon control algorithm.
INTRODUCTION
Cable vibration has become a major issue in the design of cable stayed bridges, because their ever increasing span makes them nxre sensitive to flutter instability and to wind and traffic induced vibrations. The problem is difficult, because of the highly nonlinear behaviour of cables with sag and the strong coupling between the cables and the bridge deck dynamics: the cables excite the bridge through the time varying tension and the deck excites the cables through the linear coupling (inertia) and the quadratic coupling terms; the lauer may produce parametric excitation if some tuning conditions are satisfied 1,2
Theoretical investigations of the active tendon control for flutter have been perfonned by Yang and annpoul3'4 and for string and cable vibrations by and Fujino et al 6; some experiments on small scale mock-ups have been reported 7,8 The present authors have established that, if one uses collocated actuator-sensor pairs, it is possible to develop a control algorithm with guaranteed stability. This was confirmed by experiments on a small scale mock-up involving a cable of 2m long and 0.5mm diameter. In this context, an optical non contact measurement system for cable and string vibrations has been developed.
SENSING CABLE AND STRING VIBRATIONS
Cable vibrations can be measured through the variation of the tension in the cable; however, this signal includes a complex mixture of linear and quadratic terms; the former appears at the natural frequency of the cable while the latter appears at twice the natural frequency; besides, the modes of even number are not linearly observable from the tension in the cable. A direct measurement of the cable displacement can be obtained with a CCD camera 8or with an analog position sensing detector (PSD)'°. We have selected the PSD technology which supplies analog signals proportional to the position of a light spot on the detector. The technology exists in one or two dimensions; it is linear, wide band, and perfectly adapted to the range of amplitudes of our application (typically cable vibrations of 10 mm).
POSITION SENSING DETECTOR
Analog position sensing photodetectors (PDSs)" use the lateral photoelectric effect to produce output signals proportional to the true x andy coordinates of the centroId of the light spot on the detector. Current carriers generated in the illuminated region on the detector are proportional to the intensity of the light spot and go to the electrodes in proportion to the conductance of the current paths between the illuminated region and the electrodes. 
OPTICAL SYSTEM
The principle of the optical measurement system is represented in Fig.2 ; the light source is a 5 mW laser diode; its beam is expanded into a flat parallel beam by two cylindrical lenses; the cable is placed in such a way that the chord line is normal to the light plane. The light plane produces a line on the PSD, with a dark spot corresponding to the shade of the cable (Fig.2) . In order to improve the sensor signal, the PSD can be supplemented with a bandpass filter centered on the wavelength of the laser diode (670 nm in this case).
The position of the centrold of the dark spot is given by
where L is the length of the sensor and a is the size of the dark spot. For a one-dimensional detector ( Fig. 1) , the distance between the centroId of the light spot and the centre of the detector is given by LIx+Ix (1) I+ +I where and I-are the currents measured at the two electrodes; this result is independent of the intensity of the light source. Although the PSD normally senses the centroId of a light spot, it can also sense a dark spot on a bright background, and this is the way it is used in our application.
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CALIBRATION
The measurement system has been calibrated by comparison with the output of a HP laser interferometer. A small cylindrical target simulating the cable and the target mirror of the interferometer are mounted on a common support and placed on a shaker as indicated in Fig.3 . In this way, the displacement of the shaker can be measured simultaneously by the new measurement system and very accurately by the laser interferometer.
The frequency response function between the interferometer and the PSD analog output has been measured for several values of the diameter of the cylindrical target a. The results are shown in Fig.4 ; the frequency response function is close -a----to perfect at low frequency, with an extremely small phase lag; this makes this sensor very attractive for control applications. Experimental results also confirm the applicability of Equ. (2) . Figure 5 shows the same frequency response function in the range [0 -1600 Hz]. In order to evaluate the accuracy of the position sensor, the output of the photodetector has been compared to the displacement measurement from the HP interferometer, when a harmonic signal at 20 Hz is applied to the shaker (Fig.6) ; the accuracy is about microns (it is mainly associated with noise in the amplifier). 50.
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EXPERIMENTAL SET-UP
As aheady mentioned in the introduction, this sensor has been developed to investigate the performance of an active tendon for the control of cable-structure systems 9,12• The cable vibration alone has been investigated with the experimental set-up of Fig.7 . The cable is a 2m long stainless steel wire of 0. 196 mm2 cross section, provided with additional lumped masses at regular intervals, in order to achieve a representative value of the sag to span ratio. The mass per unit length is 0.057 kg/rn and the static tension in the cable is selected between 25 N and 50 N (this is done with the help of an adjustable weight, as indicated in Fig.7 . For a tension of 25 N, the sag to span ratio is 0.5% andthe first in-plane frequency is 5.7 Hz. One end of the cable is fixed to a lever system which is used to amplify the motion of the active element, which consists of a piezoelectric linear actuator collocated with a force sensor (because of the highpass behaviour of the piezoelectric force sensor, it measures only the dynamic component of the tension in the cable). The amplification ratio of the lever arm is 3.4, corresponding to a maximum axial displacement of 150 microns for the moving support. The controller is implemented digitally on a DSP board. An electrodynamic shaker equipped with a force sensor is placed near the other end of the cable to generate the in-plane excitation and the new optical sensor is installed as indicated in the figure, in order to measure the in-plane cable vibrations. 
In-plane: where y and z,, refer to the modal amplitudes of the in-plane and out-of-plane modes respectively, and u represents the axial motion of the support. The analytical form of the coefficients can be found in reference .The physical meaning of the various terms is indicated in the equations. Notice that:
. The active sag induced force appears only in the equations governing the in-plane motion. In addition, 4X , 0 and hin 0 ifn is even.
. The out-of-plane modes affect the tension in the cable only with the quadratic term (corresponding to cable stretching), while the in-plane modes have a linear influence on T. Figure 8 .a shows the frequency response function between the displacement u of the active tendon and the in-plane vibration of the cable (amplitude Z ); we see that all the modes of odd number (1, 3, 5) are excited through the active sag induced force [see Equ. (4)], the modes of even number (2,4) are not excited because the corresponding coefficients U,, = 0 .The contributions at 2w, , 2w correspond to the parametric resonance; we observe that the parametric resonance of mode 2 is much more pronounced than that of mode 1. Figure 8 .b shows the frequency response function between the active tendon and the tension in the cable (i.e. the open-loop transfer function of the control system); we see that it is dominated by the first mode and that there is a transmission zero right before wi,. Figure 8 .c shows the frequency response between the shaker force F,,, and the tension in the cable; we see that mode 2 appears only through the quadratic term at 2w2, because the coefficients h1 = 0 for n even in Equ. (5); by contrast, mode 1 appears at w1, with the linear term and at 2w1, with the quadratic term in Equ (5) . 
VERIFICATION OF THE CABLE MODEL

ACTIVE CONTROL
The use of the active tendon for the damping of cable structures has been described in previous papers 9, 12 ; it has been shown that, when the displacement actuator and the force sensor are collocated, the Integral Force Feedback u=gjTdt (6) has guaranteed stability (assuming perfect actuator and sensor dynamics). This strategy has been successfully demonstrated experimentally for cable-structures; the control law is indeed always stable, even at the parametric resonance, when the frequency of the structure is exactly twice that of the cable. Figure 10 shows the effect of the control strategy on a cable alone; with reference to Equ.(4), the control acts through the active sag induced forces, which depend on the sag in the system; the control works better when the sag increases. Figure 1O .a shows the free response of the vibration amplitude (in-plane displacement of the cable), with and without control ; we see that, even for this small value of the sag to span ratio (0.4 %), the active damping is substantial ( = 1.8 % instead of 0.05%). These results are confirmed by Fig. 10 .b which shows the dynamic tension in the cable. Note that there is a sudden jump in the force diagram when the control is applied, as a result of the feedtrough component in the tension Equ.(5). 
CONCLUSION
A non-contact optical measurement system has been developed for the transverse vibration of small cables and strings. The sensor uses the signal generated on an analog position sensing photodetector by the shade of the cable in a plane parallel laser beam. The stroke of the sensor is mm and the accuracy is jim. The sensor has been used to evaluate the performances of a control system based on the use of an active tendon for the damping of cable structures.
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